understanding of the anatomy, but also for dealing with practical gestational, neuroradiological, and microneurosurgical issues.
Methods
Two hundred fourteen cerebral hemispheres obtained from 107 fetal cadavers were examined at the Division of Pathological Anatomy and at the Death Verification Service of the University of São Paulo Medical School, as previously authorized by the Ethical Committee for Analysis of Research Projects. Removal of brains was performed using a typical autopsy technique. Specimens with congenital malformations and or structural damage were excluded.
The removed brains were fixed in 10% formalin solution for a period of at least 1 month, and then the arachnoidal membranes and superficial vessels of the cerebral hemispheres were removed to simplify the identification of the sulci on the superolateral, medial, and inferior brain surfaces. Photographs of anatomical dissections were obtained using a Nikon Coolpix 5200 5.1-megapixel digital camera.
The sulci formations were classified as follows: absent, when the cerebral surface was totally smooth; developing, in which points and grooves were considered sulci in the formation phase; and formed, when the clear and complete depressions were considered sulci.
To evaluate the results, examined brains were divided into groups according to the body weights of the fetuses: 1) groups of brains from fetuses, with body weights up to 1000 g with a weight gap among the groups of 100 g; and 2) groups of brains from fetuses with body weights greater than 1001 g, with a weight gap among the groups of 250 g (Table 1 ). Because fetal body weight correlates with gestational age, 31 when at least 50% of the cases of a group showed a particular sulcus, this sulcus was classified as formed, and we then considered that particular gestational age to be related to the formation of these specific sulci.
Results
During the removal of all of the brains, we observed that the longitudinal cerebral fissure was always already formed. The findings according to the fetal body weight groups were as follows:
20-100 grams
We observed that the callosal sulcus was already formed in 100% and the hippocampal sulcus in 80% of the examined specimens.
101-200 grams
We found complete formation of the hippocampal sulcus and the presence of the lateral and olfactory sulci in more than 80% of the samples, and presence of the circular insular, calcarine, and parietooccipital sulci in more than half of the specimens.
201-300 grams
The lateral and circular insular sulci were formed at this body weight in 100% of the specimens, and the cingulate sulcus was formed in 80% of the specimens.
301-400 grams
The formation of the central sulcus was detected in 60% of the cases in this group.
401-500 grams
The lunate sulcus was evident in 75%, and the orbital and collateral sulci in more than 50% of the specimens.
501-600 grams
The central and calcarine sulci were formed in 100% of the specimens at this weight, and we observed the formation of the superior frontal sulcus in 80% and of the rhinal sulcus in 50% of the specimens.
601-700 grams
The olfactory and parietooccipital sulci were already formed in 100% of the specimens, and half of the precentral, postcentral, and superior temporal sulci were already visible.
701-800 grams
The transverse occipital sulcus at this weight was evident in 70% of the specimens.
801-900 grams
The precentral and cingulate sulci were formed in 100% of the specimens, and several new sulci appeared: on the superolateral surface, the central insular sulcus appeared in 100% and the intraparietal sulcus in 50% of the specimens; and on the medial surface, the paraolfactory sulcus was formed in 50% of specimens.
901-1000 grams
The superior temporal sulcus was detected in 100% of the specimens, and the formation of the following sulci were observed in 50% of the specimens: on the superolateral surface, the inferior frontal and transverse occipital sulci; on the inferior surface, the occipitotemporal sulcus; and on the medial surface, the marginal branch of the cingulate sulcus and the paracentral and subparietal sulci.
1001-1250 grams
The formation of the inferior temporal sulcus was observed in 50% of the specimens.
1251-1500 grams
Together with the formation of the transverse temporal sulcus observed in 75%, all of the main sulci were already formed in at least 50% of the examined specimens in this group.
1501-1750 grams
Complete formation of the superior frontal, inferior frontal, postcentral, intraparietal, inferior temporal, transverse temporal, orbital, rhinal, collateral, and marginal branch of the cingulate sulci was found in all specimens.
2001-2250 grams
Together with the formation of the central insular, occipitotemporal, paracentral, paraolfactory and subparietal sulci, all the main sulci were formed in 100% of the specimens.
2251-2500 grams
The secondary sulci were clearly developed in 50% of the examined specimens at this weight.
More Than 3250 grams
In fetuses that weighed more than 3250 g, the main and secondary sulci were fully formed.
During the early postnatal period, no formation of new main sulci was observed. Table 2 summarizes the general findings, listing the development of the fetuses' cerebral fissures and sulci together with their related body weights and respective estimated gestational ages. 
Discussion
Although humankind has long been interested in the human brain, 24, 26 it is interesting to point out that knowledge that the brain sulci and gyri have a general arrangement dates to less than 160 years ago. 22, 32, 33 In addition to describing the optic radiation, French anatomist Louis Pierre Gratiolet (1815-1865) 32 distinguished the primary and secondary sulci based on their respective evolutionary appearances, created the concept of cerebral lobes by adopting the terms previously proposed by Frederich Arnold in relation to the skull bones, coined the term "plis de passage" to describe the connections between adjacent gyri, and was the first anatomist to perceive that the brain sulci and gyri were not chaotically arranged. 22, 32, 33 Essentially the human brain is organized as follows: superolaterally, the frontal and temporal regions of each hemisphere are each composed of 3 horizontal gyri; the central region is composed of 2 slightly oblique gyri; the parietal region is composed of 2 lobules, with a quadrangular superior lobule and an inferior lobule consisting of 2 semicircular gyri; the occipital region is composed of vertical and horizontal gyri, in which the superior occipital gyrus is always present and vertical, the middle occipital gyrus is not always present, and the inferior occipital gyrus is always present and horizontal; the insula is composed of 4-5 diagonal gyri. While the superior frontal, inferior frontal, superior temporal, and inferior temporal sulci separate the 3 frontal and temporal gyri, respectively, the lateral fissure (sylvian fissure) divides the frontal from the temporal lobe, the intraparietal sulcus separates the superior from the inferior parietal lobule, and the superior and inferior (or transverse) occipital sulci separate the occipital gyri. 24, 33, 36 Medially, the external lateral gyri extend along the superior and inferolateral borders of each hemisphere. Together, these gyri constitute an outer medial ring, which surrounds a more well-defined C-shaped inner ring primarily composed of 2 continuous gyri, with these 2 rings separated by the cingulate, subparietal, and collateral sulci.
24,33,36
Inferiorly, the base of each hemisphere consists of 2 horizontal gyri longitudinally oriented between the lateral extended gyri (along the inferolateral and inferomedial borders) and the medial continuous gyri of the inner ring, separated laterally by the occipitotemporal sulcus and medially by the collateral sulcus.
Human brain sulci developed mainly due to an evolutionary infolding process that caused a progressive increase in the cerebral cortical surface without a proportional increase in brain volume. 24, 25, 29, 36 Phylogenetically, the first hemispheric sulcus to appear was the hippocampal sulcus, which separates the archicortex (dentate gyri of the hippocampus) from its paleocortical surrounding structures, including the parahippocampal subiculum, which arises during the phylogenetic and embryological caudal migration of the original supracallosal hippocampus. 29 The second hemispheric sulcus was the rhinal sulcus, which demarcates the border between the paleocortex and neocortex, and that appeared due to the ventral displacement of the neocortex. 29 In humans, the rhinal sulcus then separates the parahippocampal uncus from the rest of the neocortical temporal lobe. The hippocampal sulcus and rhinal sulcus were both already present in early mammals.
24,29
Embryologically, the sulci develop according to a sequence that reflects their phylogeny and a hierarchy that exists among them. Their formation begins with the appearance of the fissures, followed by sulci related to eloquent areas of the brain, and finally with the secondary and tertiary cortical area sulci. 4, 5, 20, 22 The fissures correspond to the more well-developed and anatomically constant sulci, and the gyri or convolutions that have a more rounded or quadrangular shape are usually referred to as lobules. 4, 10, 22, 24, 32 Very early during embryogenesis, the forebrain vesicle (or prosencephalic vesicle, the most superior of the 3 primary brain vesicles originating from the neural tube) divides into the endbrain (telencephalic) and interbrain (diencephalic) vesicles. 30 By approximately the 10th week of gestation, a superior midline depression of the endbrain gives rise to the interhemispheric fissure, and the transverse fissure of the brain appears between the endbrain and interbrain vesicles.
7,30
At the end of the 3rd month the superolateral surface of the cerebral hemisphere shows a slight depression anterosuperior to the temporal pole. This depression corresponds to the site of the corpus striatum in the floor and lateral wall of the ventricle, and its presence is due to the more rapid growth of the adjoining cortical regions.
36
This lateral cerebral fossa gradually becomes overlapped and submerged by the frontal and temporal opercula, and is progressively converted into the lateral cerebral sulcus; its floor becomes the insula. The process, however, is not completed in its most anterior part until after birth.
The lateral sulcus, or sylvian fissure, then results from the growth of the infolding opercula of the surrounding lobes, overlapping onto the insula, and it became narrow only in humans, in whom the frontoparietal operculum is particularly developed. 29, 30 The most notable development was that of the pars triangularis and pars opercularis of the inferior frontal gyrus, which, in the dominant hemisphere of the human brain, correspond to the Broca area.
10
Between the 8th and 10th weeks of gestation, transitory furrows that are not precursors of the permanent sulci appear in the cerebral hemispheric surfaces. These furrows persist until the 5th month, when the brain surfaces become smooth and the insular area is the only evident depression.
21,36
During the 4th and 5th months of gestation the first identifiable sulci (olfactory, calcarine, parietooccipital, cingulate, and central) begin to appear, followed by additional secondary and tertiary furrows, some of which develop only after birth.
5,21
In Gray's Anatomy, 36 Williams and Warwick summarize the development of brain sulci during the embryological and fetal cycle as follows: during the 5th gestational month the sulcus cinguli appears on the medial aspect of the hemisphere, but it is not until the 6th month that sulci appear on the inferior and superolateral aspects. The central, precentral, and postcentral sulci each appear in 2 parts, upper and lower, which usually coalesce shortly afterward, although they may remain discontinuous. The superior and inferior frontal, intraparietal, occipital, temporal, and collateral sulci make their appearance during the same period, and by the end of the 8th gestational month all of the important sulci can already be recognized.
The brain sulci evolve mainly through an infolding process, which takes place while the entire developing brain undergoes a process of circular curvature, effectively wrapping the thalami in its morphological center. Therefore, it is noteworthy that in their final presentation, the sulci of the superolateral and inferior surfaces of the cerebral hemisphere are directed toward each respective nearest portion of the lateral ventricle. The development of the sulcal pattern of the medial surfaces appears to be particularly influenced by the development of the corpus callosum, because its congenital absence is linked to the absence of an arched cingulate gyrus and to a radial pattern of the medial surface sulci. 21, 24, 29, 30, 36 The process of sulcal development and its relatively variable final result are in great part definitely determined by genetics.
30
Regarding the extensive variability of the basic arrangement of the cortical sulci and gyri, Régis et al. 23 more recently proposed that the occurrence of such variations might depend on the variable development of connecting gyri buried in the depth of the sulci (plis de passage). Taking into account these buried gyri, and using a database of MR images of 20 healthy patients, these authors proposed an interesting generic model of folding patterns based on a constant number of indivisible units they termed "sulcal roots," presupposing then a common constant protomap. According to this hypothesis, the burying process is believed to result from a tradeoff between the various folding pressures that occur during brain growth, with the superficial variability resulting from the chaotic behavior given by the larger or smaller development of the buried gyral connections, with a major development then causing an interruption of its related sulcus. 6 Based on this hypothesis, the occasional interruption of the central sulcus, for example, is then due to a more significant development of the middle frontoparietal connection (of Broca) that lies in between the precentral and postcentral gyri at the so-called omega region; 3 this occurs at the level of the distal end of the superior frontal sulcus 24 that corresponds to the sulcal root of the central sulcus. Parallel to further understanding their neuroimaging and microneurosurgical applications, 37-39 the embryological and fetal development of human brain sulci has been only scarcely studied, 5, 7, 13 and is currently of significant interest to also calculate gestational ages with the aid of ultrasonography studies.
23,26,34
The development of the main sulci in the embryological, fetal, and postnatal periods are discussed below, according to the order of their appearance.
Longitudinal Cerebral Fissure
The longitudinal cerebral fissure originates dorsally and gradually develops as a longitudinal invagination of the telencephalic vesicle. It is the first fissure to appear and was observed in the smallest fetus examined; it was also described by Chi et al. 5 and Levene and Lilford.
16

Transitory Furrows
Transitory furrows appear during the initial phase of cerebral development, and then disappear completely, leaving the cerebral surface smooth again. We observed the presence of these furrows in 2 cases.
Sulci of the Superolateral Cerebral Surface
Lateral Sulcus. The lateral sulcus (Sylvian fissure) is the first to appear on the superolateral surface and evolves in a unique way because phylogenetically it is the sole cerebral sulcus that is not only the result of an invagination process, but also occurs because of a juxtaposition phenomenon of the progressive enlargement of the frontal and temporal lobes (Fig. 1) . Embryologically the lateral sulcus is at first a superficial depression in the lateral sur-face of the hemispheres that gradually becomes deeper, at the same time as the frontal, parietal, and temporal opercula are also rapidly growing (Fig. 2) . This development parallels neuronal migration from the germinal ventricular zone surface to the cortical surface. 2 The progressive operculization that occurs between the 22nd and 34th gestational weeks characterizes the final aspect of the lateral sulcus at approximately the 36th gestational week.
9
Circular Insular Sulcus. The structure that constitutes the base of the fossa of the lateral sulcus begins to delimit the lateral surface of the insula, with its superior edge corresponding to the beginning of the circular sulcus of the insula and with its inferior edge initially constituting the lateral sulcus itself. The circular sulcus is initially round, but with the development of the opercula between the 22nd and 24th gestational weeks, it begins to lose its original shape (Fig. 2B-D ). An ultrasonography study showed that the angle formed by the insula and the operculum is initially obtuse, and from the 24th week it becomes acute.
34
Central Sulcus. In this study we noted that the central sulcus starts as a point or as a groove in the parasagittal region ( Fig. 2A and B) , and then develops as an evident cortical invagination that extends itself obliquely, inferiorly, and anteriorly, until it reaches the lateral sulcus, and superiorly toward the longitudinal cerebral fissure. The arrows in Fig. 2 illustrate the development of the central sulcus.
Precentral Sulcus. The precentral sulcus develops anterior and roughly parallel to the central sulcus. Unlike the central sulcus, which is usually unbroken, we observed the interruption of the precentral sulcus during cerebral development. According to the findings of Ono et al., 21 this sulcus is interrupted in 100% of adults. The postcentral sulcus develops during the same period (Fig.  2E) , and usually ends either as a continuous sulcus or as 2 segments.
Superior Frontal Sulcus. The formation of the superior frontal sulcus is initially more evident in the frontal pole; it develops running posteriorly until the precentral sulcus ( Fig. 2E and F) .
Intraparietal Sulcus. The intraparietal sulcus is localized roughly parallel to the longitudinal cerebral fissure, and divides the parietal lobe between the superior and inferior parietal lobules. The most anterior aspect of the intraparietal sulcus usually achieves an arcuate shape; it is inferiorly directed and is frequently continuous with the inferior part of the postcentral sulcus (Fig. 2F) .
Transverse Occipital Sulcus. The posterior end of the intraparietal sulcus is localized very close to and sometimes even reaches the transverse occipital sulcus (also called the intraoccipital sulcus 8, 19 or superior occipital sulcus), 33 which separates the superior occipital gyrus from the middle occipital gyrus. The transverse occipital sulcus is parallel or perpendicular to the interhemispheric fissure, and anteriorly it can be continuous with the intraparietal sulcus (Fig. 2F) . Superior Temporal Sulcus. The superior temporal sulcus, which separates the superior temporal gyrus from the middle temporal gyrus and runs roughly parallel to the lateral sulcus, usually ends as a continuous sulcus with its most distal branch generally terminating inside the angular gyrus, while the inferior temporal sulcus ends as an interrupted sulcus (Fig. 2F) composed of several segments.
21 Figure 2 illustrates the development of the sulci of the superolateral surface of the brain.
Sulci of the Inferior Cerebral Surface
Olfactory Sulcus. The olfactory sulcus appears initially as a superficial depression on the medial aspect of the cerebral orbital surface. It then develops parallel to the longitudinal cerebral fissure, underneath the olfactory bulb and tract, and extends, delimiting the rectal gyrus laterally (Fig. 3A-C) . According to Dooling et al., 6 the olfactory sulcus is present in each brain that contains the olfactory bulb and tract and is absent when the olfactory bulb and tract do not develop, which denotes an interesting developmental interrelationship between these structures and that sulcal space.
Hippocampal Sulcus. The hippocampal sulcus corresponds to the first phylogenetic sulcus because it separates the archicortex of the hippocampus from the paleocortex of the subiculum of the parahippocampal gyrus; this separation occurs due to the inferior and lateral displacement of the hippocampus that takes place both evolutionarily and embryologically. 29, 36 Chi et al. 5 observed that the hippocampal sulcus gradually narrows while the medial portion of the temporal lobe develops. In the present study, the hippocampal sulcus was formed in fetuses heavier than 40 g, at approximately the 15th week of gestation (Fig. 3A) .
Rhinal Sulcus. The rhinal sulcus develops as an evolutionary result of the ventral displacement of the lateral olfactory area or piriform cortex within the development of the anterior temporal neocortex. 29 Because the lateral olfactory area is constituted from the paleocortex, the rhinal sulcus separates the paleocortex from the neocortex and corresponds to the second sulcus that appears during phylogenesis. In our study, the rhinal sulcus was formed at approximately the 25th week, and because it is not always easily identified, even in adults, it must be identified as the sulcal space that separates the uncus (paleocortex) from the rest of the temporal pole (neocortex). The collateral sulcus (Fig. 3D-F ) may or may not be posteriorly connected to the rhinal sulcus.
21
Occipitotemporal Sulcus. The occipitotemporal sulcus (Fig. 3D-F) separates the fusiform gyrus from the inferior temporal gyrus 21 and frequently terminates in the collateral sulcus anteriorly. Figure 3 demonstrates the development of the sulci of the inferior surface of the brain.
Sulci of the Medial Cerebral Surface
Callosal Sulcus. The callosal sulcus separates the callosal body from the cingulate gyrus. This sulcus was already formed in the lightest fetus we examined (20 g; Fig. 4A ), and was therefore considered the first sulcus that appears on the medial surface of the brain. The callosal sulcus develops from the anterior to the posterior direction, concomitantly with the development of the callosal body (Fig. 4A-C) . We noted the presence of transitory furrows, which were not related to any forthcoming of the sulci that developed subsequently (Fig. 4A arrows) . According to Larroche, 14 at 12 weeks' gestation all of the cerebral structures are already localized in their expected position except for the callosal body, which develops during the following weeks.
Cingulate Sulcus. The cingulate sulcus develops parallel to the callosal sulcus ( Fig. 4C-E) , delimiting the cingulate gyrus superiorly. In some fetuses we have found 2 parallel cingulate sulci (Fig. 4F) , and in these specimens we have observed that the callosal sulcus was shallower around the genu of the callosal body, as noted by Ono et al. as well. 21 The final and ascending segment constitutes the marginal branch of the cingulate sulcus, which delineates the paracentral lobule posteriorly. The cingulate sulcus is delineated anteriorly by the paracentral sulcus ( Fig. 4E and F) , which is formed during the same period as the marginal branch of the cingulate sulcus, and may appear as a side branch of the cingulate sulcus, or emerge from the superolateral surface, or even develop as an anterior extension of the posterior segment of the cingulate sulcus.
Parietooccipital Sulcus. The parietooccipital sulcus divides the parietal lobe from the occipital lobe along the medial cerebral surface, separating the precuneus of the parietal lobe from the cuneus of the occipital lobe (Fig.  4C-F) . The development of the parietooccipital sulcus is related to the development of the splenium of the corpus callosum, with the sulcus arising due to the progressive invagination of the medial cerebral surface that contains the occipital and temporal bilateral association fibers.
36
Calcarine Sulcus. The calcarine sulcus (Fig. 4C-F ) generally appears concomitantly with the parietooccipital sulcus, with the emerging point of the latter dividing the calcarine sulcus or fissure into 2 distinct parts. The anterior calcarine segment separates the cingulate isthmus from the lingual gyrus, and the posterior segment, which corresponds to the primary visual cortex, separates the lingual gyrus from the cuneus. Figure 4 illustrates the development of the sulci of the medial surface of the brain.
Secondary Sulci
The main sulci appear in a relatively short period, generally at the beginning of the third trimester of pregnancy, 15 and only afterward do the secondary sulci develop. At approximately 34 weeks of gestation (2251-2500 g of body weight), the secondary sulci begin to develop while the main sulci become deeper.
6,35
Comparative Analysis of Cerebral Sulci Development
The formation of the cortical sulci is considered by neuropathologists to be a good marker of cerebral fetal maturation, although there are discrepancies regarding the timing of the appearance of the cerebral sulci as observed by different authors. 5, 7, 14 These differences may be attributed to various factors: 1) gestational age, in which different criteria are used to calculate this factor (such as date of last menstruation, weight, height, cranial circumference, and occipital-sacral distance); 2) size of the examined sample; 3) technique, including gross visual inspection of the brain, photographs of fixed brains, and serial cuts of the brain; 4) side, including right and left hemispheres; and 5) inclusion of twin fetuses. Chi et al. 5 observed that the superior frontal sulcus, the superior temporal sulcus, and the secondary sulci of the right cerebral hemisphere were visible 1-2 weeks before their appearance in the left hemisphere and that there was a delay of 2 -3 weeks in the development of the sulci in the brains of twins.
Comparing our findings with the other equivalent anatomical studies available, it is apparent that we studied a larger number of sulci and that there are only small discrepancies between the common findings (Table 3) . Comparing the timing of the appearance of the cerebral sulci between anatomical and neuroimaging studies, 1, 5, 7, 11, 12, 14, 17, 18, 28, 34 there is a 2-to 4-week delay between the appearance of the sulci in anatomical studies and visualization of the same sulci using ultrasonography; if MRI studies are used, the delay is 1 week.
Conclusions
The main aims of this anatomical study were to clarify the features of the development of the cerebral sulci and to find reliable morphological criteria for each gestational age. The cerebral surface is initially smooth, and after the development of transitory furrows, the permanent sulci appear initially as points or grooves, and then become depressions that gradually deepen. In the 33rd week of gestation, all of the primary sulci are already formed, and the secondary sulci then develop. The development of the cerebral sulci is gradual and proportional to the increasing body weight of the fetus.
